Dopant-free, carrier-selective contacts (CSCs) on high efficiency silicon solar cells combine ease of deposition with potential optical benefits. Electron-selective titanium dioxide (TiO2) contacts, one of the most promising dopant-free CSC technologies, have been successfully implemented into silicon solar cells with an efficiency over 21%. Here, we report further progress of TiO2 contacts for silicon solar cells and present an assessment of their industrial feasibility. With improved TiO2 contact quality and cell processing, a remarkable efficiency of 22.1% has been achieved using an n-type silicon solar cell featuring a full-area TiO2 contact. Next, we demonstrate the compatibility of TiO2 contacts with an industrial contact-firing process, its low performance sensitivity to the wafer resistivity, its applicability to ultrathin substrates as well as its long term stability. Our findings underscore the great appeal of TiO2 contacts for industrial implementation with their combination of high efficiency with robust fabrication at low cost.
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2 ). World-record efficiencies of 25.1% [5] and 26.3% [6] have been achieved on SHJ solar cells with double-sided contacted and interdigitated back-contacted silicon solar cells, respectively. Moreover, the same remarkable efficiency of 25.1% has also been achieved by an ntype solar cell featuring a boron diffused front emitter and a TOPCon at the rear [7] . Undoubtedly, the CSC technology has pushed the sunlight-to-electricity efficiency of silicon solar cells closer to its theoretical limit of 29.4% [9] in the last few years.
Recently, thin films (e.g. transition metal oxides) with extremely high or low work functions or a suitable band offset with silicon have been investigated and developed as fully dopant-free CSCs for silicon solar cells [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . For example, as hole selective contacts, molybdenum oxide (MoOx)
[10], vanadium oxide (VOx) [11, 12] , and tungsten oxide (WOx) [12, 13] , all with high work function, and nickel oxide (NiOx) [14] and PEDOT:PSS [poly(3,4-ethylene-dioxythiophene):
polystyrenesulfonate] [15] with a small valence band offset with silicon, have been investigated.
Titanium dioxide (TiO2), with a small conduction band offset with silicon [16, 17] , and low workfunction materials as lithium fluoride (LiF) [18] , magnesium fluoride (MgF2) [19] , and cesium carbonate (CsCO3) [20] have been demonstrated to be efficient electron-selective contacts for silicon solar cells. Compared with doped-silicon-layer-based CSCs that involve complex deposition conditions with toxic gases and may lead to undesired optical losses [21] , these dopantfree CSCs, are easily deposited, potentially at low cost, by thermal evaporation, atomic layer deposition (ALD), spin-coating, brush painting, and even printing, as widely demonstrated by organic solar cells and light-emitting diodes [22, 23] . Moreover, these wide-bandgap, dopant-free CSCs are broadband transparent, making them more suitable as window layers for silicon solar cells than doped silicon layers, which suffer from parasitic absorption losses in the blue wavelength range. For example, by substituting the p-type a-Si:H film with a thermal evaporated MoOx layer at the front of SHJ solar cells, an efficiency of 22.5% has been achieved, with an improved shortcircuit current density (Jsc) [10] . The main challenge in using dopant-free CSCs is their poor surface passivation of silicon surfaces, resulting in a relatively low efficiency when applied at the device level [11] [12] [13] [14] 16, 18, 20] . Usually, a thin buffer layer (e.g., a-Si: H, SiO2) has to be inserted between the silicon and the dopant-free contact layers to improve the surface passivation [10, 15, 17, 19] , similar to SHJ and TOPCon solar cells.
Among these dopant-free CSCs, TiO2 contacts have been intensely investigated due to their excellent passivation of silicon surfaces and their relatively low ρc value [16, 17, [24] [25] [26] [27] , making them attractive full-area contacts for silicon solar cells. Figure 1 shows the conversion efficiencies and structure evolution of silicon solar cells with a full-area electron-selective TiO2 contact. Thin
TiO2 films were initially employed as an electron collector on the front side of p-type silicon solar cells, and a relatively low efficiency of 7.1% was achieved in 2013 [16] . By combining with hole selective PEDOT: PSS contacts on an n-type silicon substrate, a double-heterojunction dopantfree silicon solar cell with an almost double efficiency of 13.9% was achieved in 2015 [24] . We started to work on TiO2 contacts at the end of 2014 by evaluating the carrier selectivity of ALD TiO2 thin films via simultaneous consideration of the surface passivation quality and the contact resistivity at the Si/TiO2 heterojunction [17, 26] . N-type silicon solar cells featuring a full-area TiO2 contact at the rear and a textured front surface with a boron-diffused p + emitter passivated by an Al2O3/SiNx stack reached an efficiency of 19.8% [17, 26] . We found the efficiency was limited by degradation of the surface passivation of the TiO2 contacts during thermal annealing and metallization. By inserting a tunnel SiO2 at the interface between the silicon and TiO2, the efficiency was significantly improved to 21.6% at the beginning of 2016 [27] . These recent 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Here, we report further improvements to n-type silicon solar cells with full-area TiO2 contacts that achieve conversion efficiencies of up to 22.1%, as shown in Figure 1 . The industrial feasibility of TiO2 contacts is also assessed by investigating their compatibility with firing process, their sensitivity to varying base resistivity and their applicability to ultrathin substrates. Moreover, the effect of metallization on the performance of TiO2 contacts is presented, and the underlying mechanism is clarified. Our results demonstrate that TiO2 contacts are highly industrially feasible, strengthening the case for application to industrially produced high-efficiency silicon solar cells.
EXPERIMENTAL PROCEDURE
Small area solar cells (2 × 2 cm 2 ) were fabricated on double-side polished n-type FZ-Si wafers (1.0 Ω cm) with a thickness of ~175 μm, and the process sequence described in Figure 2 . After an RCA cleaning without the last HF dip, SiNx (~100 nm) was deposited by low-pressure chemical vapor deposition (LPCVD) on both sides as a mask layer. Noted that the thin SiO2 grown during RCA 2 was kept on the surfaces. The cell areas were opened with photolithography and reactive ion etching (RIE), and then textured with a random pyramid structure in alkaline solution 
IMPROVEMENT SCENARIOS AND STATE-OF-THE-ART CELL RESULTS
We identified the main limitation of our 21.6% efficient solar cells with TiO2 contacts as follows. The improvements include three aspects. Firstly, the cell processing was modified to protect the polished rear surface using SiNx deposited by LPCVD. SiNx was used as a mask layers on both sides of the polished wafer, protecting the rear surface during the processing of the front side (cell- area opening, texturing and boron diffusion), as described in the Figure 2 . We found that preserving the rear surface in a chemical-polished condition improves both the quality and uniformity of the thermally grown tunnel SiO2 layer. Second, the TiO2 film thickness is slightly reduced from 3.5 to 3.0 nm. Cox and Strack method [28] was used to determine the ρc at the TiO2/SiO2/n-Si heterojunctions by fitting the curve of resistance versus front circular contact diameter (see supplementary Figure S1 for detail). We observed that the ρc of TiO2 contacts is quite sensitive to the thickness of TiO2, because of the low conductivity of amorphous TiO2 deposited by ALD. The results indicated that the average ρc of the TiO2 contact reduced from ~ 60 to ~ 26 mΩ·cm 2 .
Nevertheless, a reduced ρc has to be weighed against a decrease in the quality of surface passivation of TiO2 due to reduced field-effect passivation. Fortunately, the corresponding effective lifetime measured by quasi-steady photoconductance (QSSPC) on a symmetrical sample passivated by a tunnel-SiO2/TiO2 stack was observed to decrease slightly from 660 to 580 μs (at an injection level of 1×10 15 cm -3 , see supplementary Figure S2 ), which implies a relatively high surface passivation level with an effective surface recombination velocity (Seff) of ~15 cm/s. The final improvement was to reduce the rear Al thickness from ~ 20 to ~ 3 nm to reduce the rear optical absorption loss.
This process was designed under the assumption that 3-nm-thick Al entirely reacts with TiO2, to form an AlOx interlayer between TiO2 and Ag during final FGA [27] . Based on our modelling results using the wafer ray tracing (available from PV Lighthouse), an improvement of up to ~ 0.6 mA/cm 2 in current generation (JG) can be expected by removing Al from the rear TiO2 contact (see supplementary Figure S3 ), mainly due to the reduced rear absorption by the Al layer. However, it is important to point out that few nanometers of Al are essential for high performance of TiO2 contact, as will be discussed later. Figure 1 ) with a full-area TiO2 contact was fabricated. Figure 3 shows the light current-voltage (I-V) curve of the champion solar cell with an efficiency of 22.1% (25°C, AM1.5 spectrum, 100 mW/cm 2 ). The light intensity was calibrated using a certified reference cell from the Fraunhofer ISE CalLab. Four cells made on the same wafer exhibit an average efficiency of 22.0% (see supplementary Table 1 ), a testament to the high performance of TiO2 contacts on silicon solar cells.
The main contributor to the efficiency improvement comes from a significantly enhanced FF of 82.5%, which is attributed to the reduced ρc at the rear TiO2 contact and to the uniform and high quality tunnel oxide grown on the chemically polished silicon surface. Thanks to the reduced absorption loss at the rear, as indicated by the improved quantum efficiency at long wavelength range (see supplementary Figure S4 
THE ROLE PLAYED BY Al-METALLIZATION IN TiO2 CONTACTS
During the development of TiO2 contacts for silicon solar cells, we found that Al metallization is essential to the performance of TiO2 contacts. To reduce the rear absorption loss from the Al,
we have attempted to replace Al with other metals (e.g. Ag, Ti, Ni and Cr). The results have proven that Al metallization is the best choice for high performance TiO2 contacts, especially regarding the FF and Voc. According to the transmission electron microscopy (TEM) images shown in our previous publication [27] , Al reacts with the amorphous TiO2 film, forming an AlOx interlayer during FGA, which increases the concentration of oxygen vacancies in the TiO2 layer, resulting in the formation of an oxygen-deficient TiO2-x layer with higher conductivity. The ρc at the TiO2 contact is thus reduced and a higher FF is hence achieved on the device level.
Nevertheless, the effect of metallization on the Voc of solar cells with TiO2 contacts remains undetermined. By using photoluminescence (PL) imaging, effects of Al metallization on the performance of TiO2 contacts have clarified as effectively an alneal passivation. The classic alneal process, which involves evaporating a thin Al layer on top of the SiO2 and annealing in a forming gas ambient, was developed to improve the passivation quality of SiO2 on silicon surfaces [29] .
The mechanism of the alneal process was explained via hydrogen passivation, which involves the interaction between Al and hydroxyl ions present in the silicon dioxide, releasing atomic hydrogen to passivate the remaining dangling bands at the Si/SiO2 interface [30] . (Fig. 4a) . After rear metallization with an Al/Ag stack by thermal evaporation, the average IPL in the cell areas was sharply reduced to ~ 3,000 counts/s (Fig. 4b) , indicating significant surface passivation degradation of the SiO2/TiO2 stack at the rear. Interestingly, the average IPL at the cell regions sharply increased to ~ 50,000 counts/s (Fig. 4c) 
INDUSTRIAL FEASIBILITY OF TiO2 CONTACT

TiO2 contact performance on silicon wafers with different base resistivity
The excellent results of the silicon solar cells with TiO2 contacts presented in the previous sections was achieved on substrates with a resistivity of 1.0 Ωcm. However, one of the challenges regarding industrial manufacturing of n-type silicon solar cells is the homogeneity of the electrical properties within the long silicon ingot. Compared to the standard p-type silicon wafers, n-type wafers exhibit a larger specific electrical resistance distribution (typically in the range of 1.0 to 10 Ω·cm), which arises from the larger segregation coefficient of phosphorus during crystal growth
[32]. One solution is the development of cell designs that are less sensitive to the base resistivity.
To explore the compatibility of TiO2 contacts with industrial-scale production, it is important to investigate the effect of the base resistivity of n-type wafers on the performance of TiO2 contacts. which is consistent with the fact that Voc is related to the product of the majority and minority carrier concentrations, and a lower resistivity is promoted by a larger majority carrier concentration.
However, heavy doping reduces the minority carrier lifetime due to Auger recombination and bandgap narrowing. An optimum doping level for achieving the highest Voc exists, probably 1.0
Ω·cm for a TiO2 contact. Jsc shows an opposite trend, because the carrier diffusion length increases with decreasing doping level in the substrate. Therefore, it can be concluded that the base resistivity of n-type cells has only a minor impact on the performance of TiO2 contacts, making it an attractive solution for commercial n-type silicon solar cells. 
Ultrathin silicon solar cells with TiO2 contacts
Reducing the thickness of silicon wafers with only a small efficiency loss is an attractive option for reducing the production cost of silicon solar cells [33] . However, a simple fabrication flow is necessary to process ultrathin wafers to reduce the breakage rate. In this context, a full-area TiO2 contact eliminates the phosphorus diffusion and contact opening steps, making it an attractive technology for producing high efficiency ultrathin silicon solar cells.
A batch of n-type silicon solar cells (10 pieces) with TiO2 contacts was fabricated with ultrathin substrates (~ 80 μm), which were thinned from 200 μm by etching in TMAH solution. Figure 5 Figure S4 ). A higher Voc, which is expected with an ultrathin wafer due to reduced bulk recombination, has not been realized in this batch. The reason might be the relatively high surface recombination at both the front and rear, making the reduced bulk recombination negligible, which requires further investigation. Overall, our results demonstrated that TiO2 contacts are applicable to ultrathin silicon solar cells. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 However, a new paste with a lower firing temperature, instead of 700-800 o C for standard paste, might have to be developed.
Table 2.
Long term stability is also very important for the commercialization of TiO2 contacts on silicon solar cells. For TiO2 or SiO2/TiO2 stack passivated n-type silicon wafers, we didn't observe any effective lifetime degradation after exposing to air for several months, which might be attributed to the excellent chemical resistance of TiO2 thin films [34] . After exposing the cells with TiO2 contact to air condition for more than half a year, a negligible efficiency degradation (-0.2%) has been observed (see supplementary Table 3 with TiO2 contacts will exhibit excellent long term stability.
CONCLUSION AND OUTLOOK
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